Objective: Time trends of the extent of disease at first diagnosis and biochemical cure remain ill-defined for sporadic medullary thyroid cancer (MTC). This investigation aimed to delineate time trends and biochemical cure rates for sporadic MTC. Design: This was an observational study of consecutive patients operated on for sporadic MTC between 1995 and 2015. Methods: Time trends of clinical and histopathological variables indicative of the extent of disease and biochemical cure were calculated for 600 patients with sporadic MTC, 322 of whom had initial neck surgery and 278 of whom had neck reoperation at a tertiary surgical center in Germany. Results: From 1995-2000 to 2011-2015, significant declines (all P < 0.001) were noted in the percentage of node-positive tumors (from 73 to 49%), mediastinal lymph node metastasis (from 21 to 6%) and distant metastasis (from 23 to 6%). These changes were paralleled by significant increases (all P < 0.001) in mean patient age (from 49.1 to 57.3 years) and the percentage of MTC ≤10 mm (from 19 to 39%) and biochemical cure (from 28 to 62%). When only patients with primary tumors >10 mm were considered, the decreasing percentage of mediastinal lymph node metastasis and distant metastasis, and rising mean patient age and biochemical cure rates remained statistically significant. Conclusions: Significant reductions in the extent of the disease and improved biochemical cure rates pointed toward increasing therapeutic control of sporadic MTC. The independent contribution of routine calcitonin screening to these time-dependent changes warrants more research.
Introduction
The proliferation of advanced technology, enabling powerful screening programs and better clinical outcomes, has revolutionized the practice of medicine. Establishing a diagnosis of cancer before the operation is considered to lead to oncologically more adequate surgical interventions and improved cure rates (1) . An assumption underlying many screening programs is that detection of subclinical, asymptomatic disease at the beginning of the cancer growth trajectory of sequential spread of cancer from a single focus to lymph nodes and distant organs allows for surgical removal of the tumor before it spreads further to produce clinical signs and symptoms (2) .
For follicular cell-derived thyroid cancer, the resultant transformation of the clinical landscape is epitomized by the recent epidemic of occult papillary thyroid cancer (3), owing to overdiagnosis of clinically irrelevant nodules triggered by high-resolution ultrasonography (4) . This transformation exacted changes in management strategies for papillary thyroid cancer toward personalized medicine based on individual risk assessment. For sporadic medullary thyroid cancer (MTC), a calcitoninsecreting neuroendocrine malignancy, time trends of the extent of disease at first diagnosis and biochemical cure (postoperative normalization of raised calcitonin serum levels) have not been delineated in depth. Because of its fairly slow growth rate, a small MTC is believed to take 10 years or longer to surface on imaging (5) , opening a window of opportunity for preemptive surgery.
Although high-resolution ultrasonography has been well established by the mid-1990s throughout the Western hemisphere, biochemical (calcitonin) screening started gathering momentum with the expanding use of sensitive commercial assays specific for monomeric calcitonin after a series of publications in the late 1990s advocating its routine use (6, 7, 8, 9, 10) . This prompted the German Society for Endocrinology Thyroid Group in 2004 (11) , followed by an interdisciplinary European consensus group in 2006 (12) , to recommend calcitonin screening in patients with nodular thyroid disease. These recommendations have been greeted with less enthusiasm in some parts of the world because of lingering concerns regarding cost-effectiveness, prompting the revised American Thyroid Association guidelines to recommend neither for nor against the routine use of calcitonin screening in patients with nodular goiters (13) .
Because biochemical (calcitonin) screening is more sensitive than fine-needle aspiration cytology (14, 15) or ultrasonography (16) , the widespread use and coverage of calcitonin screening programs by private and statutory health insurance plans in Germany is set to have changed the scene for sporadic MTC. Unpublished data from the German Prospective Evaluation Thyroid Surgery 2 (PETS2) observational study of 22 011 patients operated on for thyroid disease between 2010 and 2013 at 68 surgical departments indicate that 49.7% of patients with thyroid disease are being subjected to calcitonin screening in Germany (Henning Dralle, personal communication).
To define time trends of the extent of disease at first diagnosis and biochemical cure for sporadic MTC, the present investigation was set up at the largest tertiary referral center dedicated to thyroid cancer surgery in Germany. 
Patients and methods

Study population
This retrospective investigation included 600 consecutive patients with sporadic MTC referred for initial neck surgery (322 patients; 54%) or reoperation (278 patients; 46%) between January 1995 and December 2015 from within Germany. Informed consent was obtained before each operation that represented standard practice of care in accordance with the practice guidelines of the German Cancer Association (17) .
All 600 patients had total thyroidectomy with systematic lymph node dissection at this or an outside institution. The extent of lymph node dissection depended on the patient's basal calcitonin serum level (18, 19) and suspicion or confirmation of nodal disease on clinical workup by imaging (cN1) and/or biopsy or during the operation by surgical exploration and frozen section. To obtain information on the necessary extent of reoperation (systematic lymph node dissection vs focused surgical approach directed at target lesions delineated on imaging) at the authors' institution, outside pathology reports were reviewed for the number of nodes removed elsewhere from the central, lateral and upper mediastinal compartments (19) . Calcitonin screening was employed routinely in the 322 patients with thyroidectomy at the authors' institution and all our patients undergoing reoperation for thyroid cancer. In the 278 patients who had thyroidectomy elsewhere and on average were referred 24.3 months later to the authors' institution for reoperation, information about initial preoperative biochemical screening at the referring institutions or other third-party facilities was not always forthcoming but overall appeared to have been lower.
For retrospective analysis of existing data sets from routine patient care, no institutional review board approval is required under German law and applicable institutional regulations.
RET gene analysis
To rule out the presence of RET germline mutations, genomic DNA was purified from peripheral blood leukocytes using standard techniques. Genomic DNA was amplified using PCR and oligonucleotide primers for exons 10, 11, 13, 14, 15, and 16. Single-strand conformation polymorphism analysis and direct sequencing were performed according to national laboratory and genetic regulations for RET analysis (20) . Before undergoing genetic testing before or after the operation to exclude hereditable disease, all patients had given informed consent after genetic counseling.
Extent of surgery
The central neck compartment, extending vertically from the hyoid bone to the thoracic inlet and horizontally between the carotid sheaths, was dissected in 554 (92%) patients (296 patients with initial surgery and 258 reoperated patients) using the compartment-oriented approach (21) . The lateral compartments, spreading laterally from the carotid sheath to the trapezius muscle and inferiorly from the subclavian vein to the hypoglossal nerve superiorly, were dissected systematically in 497 (83%) patients (267 patients with initial surgery and 230 reoperated patients) on the side of the primary tumor and in 415 (69%) patients (234 patients with initial surgery and 181 reoperated patients) on the opposite side. The mediastinal compartment, stretching between the brachiocephalic vein and tracheal bifurcation, was dissected by complete median sternotomy in 83 (14%) patients (37 patients with initial surgery and 46 reoperated patients).
All operations were conducted using optical magnification and bipolar coagulation, as described previously (22) . Furthermore, intermittent intraoperative nerve monitoring was implemented at the authors' institution in December 1997 as a standard of care complementing visual nerve identification.
Histopathological examination of surgical specimens
Conventional staining with hematoxylin and eosin and calcitonin immunohistochemical analysis involving a standard immunoperoxidase technique were performed. A diagnosis of MTC was typically based on evidence of extension beyond the basement membrane, demonstration of lymphatic or vascular invasion on histopathological analysis, or both findings according to the World Health Organization's International Histological Classification of Tumours (23, 24) . Primary tumor diameter was ascertained by direct measurements on the thyroid specimens. When multiple tumor foci were present, only the size of the largest lesion was taken. All lymph node metastases were diagnosed on histopathologic analysis using conventional methodology. Pathology reports from outside operations were reviewed as well.
Follow-up and biochemical cure
The diagnosis of distant metastasis was based on radiological evidence on ultrasonography, computed tomography, magnetic resonance imaging, 18-fluorodeoxyglucose or 18-fluoro-dopa positron emission tomography, or any combination thereof, regardless of whether it was noted at the initial operation, reoperation, or at any time during the follow-up. Biochemical cure was diagnosed when raised preoperative basal calcitonin levels had fallen below the upper normal limit of the calcitonin assay at last follow-up after the most recent (re-)operation at the authors' institution. Reports on follow-up treatment elsewhere were considered to obtain a comprehensive picture of clinical outcome, notably biochemical cure.
Statistical analysis
Categorical and continuous data were tested with the Fisher's exact test and one-way analysis of variance (ANOVA) respectively. Multiple testing was corrected for with the Bonferroni method as appropriate (25) For sensitivity analyses, the 322 patients treated first at the authors' institution were evaluated both together with, and separately from, the 278 patients treated first elsewhere. The level of significance (all tests were two-tailed) was set at <0.05.
Results
Overall time trends of sporadic medullary thyroid cancer
The number of patients with sporadic MTC referred for thyroidectomy to the authors' institution almost trebled from 38 (29%) in 1995-2000 to 103 patients (73%) in 2011-2015, while the number of patients referred after thyroidectomy elsewhere fell from 93 (71%) to 39 patients (27%; P < 0.001; Table 1 ).
In the past two decades, from 1995-2000 to 2011-2015, there was also a large decline in the percentage of node-positive tumors (from 73 to 49%), specifically mediastinal lymph node metastasis (from 21 to 6%) and distant metastasis (from 23 to 6%; all P < 0.001). This fall was paralleled by significant increases in mean patient age (from 49.1 to 57.3 years) and the percentage of MTC ≤10 mm (from 19 to 39%), and in biochemical cure rates (from 28 to 62%; all P < 0.001; Table 1 ).
In the subgroup of patients with MTC ≤10 mm, the decreasing percentage of node-positive tumors (from 57 to 21%; P = 0.007), specifically mediastinal lymph node metastasis (from 17 to 0%; P = 0.003) and increasing biochemical cure rates (from 44 to 82%; P = 0.006) remained statistically significant (data not shown).
In the subgroup of patients with MTC >10 mm, the diminishing percentage of mediastinal lymph node metastasis (from 36 to 8%) and distant metastasis (from 24 to 10%), and rising mean patient age (from 48.3 to 57.8 years; all P ≤ 0.001) and improving biochemical cure rates (from 26 to 48%; P = 0.006) were statistically significant (data not shown).
Time trends of sporadic medullary thyroid cancer with thyroidectomy at the authors' institution
The aforementioned time trends were mitigated in patients with thyroidectomy at the authors' institution, with preservation of the significant decline in the frequency of distant metastasis (from 24 to 5%; P < 0.001) after correction for multiple testing ( Table 2 ).
In the subgroup of patients with MTC ≤10 mm, no significant time trend became apparent (data not shown).
In the subgroup of patients with MTC >10 mm, mean age increased from 51.0 to 60.1 years (P = 0.003). At the same time, the percentage of mediastinal lymph node metastasis and distant metastasis decreased from 26 to 9% (P = 0.041; nonsignificant after correction for multiple testing) and from 30 to 9% (P = 0.002) respectively (data not shown).
Time trends of sporadic medullary thyroid cancer with thyroidectomy elsewhere
In patients with thyroidectomy elsewhere, there was no significant time trend from 1995-2000 to 2011-2015 that survived correction for multiple testing (Table 3 ).
In the subgroup of patients with MTC ≤10 mm, no significant time trend emerged.
In the subgroup of patients with MTC >10 mm, the percentage of extrathyroidal tumors rose from 18 to 41% (P = 0.007; nonsignificant after correction for multiple testing; data not shown).
Time trends of biochemical cure by sporadic medullary thyroid cancer ≤10 mm vs >10 mm and nodal status
For patients with thyroidectomy at the authors' institution, node-negative MTC conferred a 2-to 5-fold (93 vs 45% for MTC ≤10 mm and 90 vs 17% for MTC >10 mm) greater chance of achieving biochemical cure than node-positive MTC (Table 4) .
In node-negative MTC, overall rates of biochemical cure were excellent at 90-100% for MTC ≤10 mm and increased modestly for MTC >10 mm: from 85% in 1995-2000 to 96% in 2011-2015 (P = 0.16).
In node-positive MTC, overall rates of biochemical cure remained at 50% for MTC ≤10 mm, and improved moderately for MTC >10 mm: from 9% in 1995-2000 to 26% in 2011-2015 (P = 0.17).
For patients with thyroidectomy elsewhere, nodenegative MTC carried a 4-fold (86 vs 22% for MTC ≤10 mm and 53 vs 15% for MTC >10 mm) greater chance of reaching biochemical cure than node-positive MTC (Table 5) .
In node-negative MTC, overall rates of biochemical cure approximated 100% for MTC ≤10 mm but were varied for MTC >10 mm, apparently owing to low numbers of patients in the groups. In node-positive MTC, overall rates of biochemical cure were 20-40% for MTC ≤10 mm, and improved moderately in MTC >10 mm: from 15% in 1995-2000 to 28% in 2011-2015 (P = 0.84).
Patients with thyroidectomy at the authors' institution (Table 4) , as compared with patients with thyroidectomy elsewhere (Table 5) , reached biochemical cure more often: 85 vs 37% for MTC ≤10 mm and 53 vs 18% for MTC >10 mm.
In node-negative MTC, these rates were 93 vs 86% for MTC ≤10 mm and 90 vs 53% for MTC >10 mm.
In node-positive MTC, these rates were 45 vs 22% for MTC ≤10 mm and 17 vs 15% for MTC >10 mm.
There was no evidence in these data to suggest that sporadic MTC ≤10 mm, specifically node-negative MTC, may represent a tumor entity of its own that would set it apart from larger sporadic MTC.
Multivariate logistic regression on biochemical cure
A multivariate logistic regression model (Table 6 ) was fitted to quantify the independent contributions of nodal status (negative vs positive), primary tumor diameter (≤10 mm vs >10 mm), clinical presentation (initial surgery vs reoperation at the authors' institution), and period of thyroidectomy on postoperative biochemical cure. In that model, negative nodal status (odds ratio [OR] 22.1) was the overwhelming predictive factor of postoperative biochemical cure, leaving MTC ≤10 mm (OR 2.3) and initial surgery (OR 1.9) far behind. Because the period of thyroidectomy had no appreciable impact on surgical cure, there was no indication of time bias.
Discussion
The present time trends, possibly reflecting greater uptake of calcitonin screening by patients with nodular thyroid disease on top of the gold standard of neck ultrasonography, have transformed the landscape of sporadic MTC in Germany. In the course of time, more patients were referred for initial surgery to the authors' institution as the importance of systematic lymph node dissection for surgical control of sporadic MTC (18, 26) became evident (Table 1) . With the expansion of routine calcitonin screening, more elderly segments of the population were captured so that patient age rose by a mean of 8.2 (from 49.1 to 57.3) years in a 21-year stretch. At the same time, more localized sporadic MTC appeared to have been detected and cured surgically over time.
Noteworthy findings were obtained in two mixed series of 109 and 331 Korean patients with mainly sporadic MTC respectively (27, 28) Table 2 ). Likewise, this decrease was paralleled by a corresponding surge of MTC ≤10 mm (from 23% in 1995-2000 to 45% in 2011-2015; P = 0.037; Table 2 ). These differences in effect size, which were stronger in the Korean series, may reflect the more recent access of the Korean, as compared with the German, population to comprehensive health care.
Based on an MTC prevalence of 1 in 30 000 inhabitants, 25% of which are thought to have hereditary MTC, and a total population of 80 million inhabitants, 2000 patients with sporadic MTC are estimated to live in Germany (1:30 000 times 0.75% times 80 000 000). Accordingly, our 600 patients should account for 30% of the German sporadic MTC population. 
Anatomic imaging vs biochemical screening
In diagnostic imaging, the ability to detect a structural abnormality is closely related to the size of that abnormality (29) and interference by concurrent abnormal thyroid morphology ('background noise'). Nodular thyroid disease is more prevalent in iodine-deficient or barely iodinesufficient countries like Germany (30) . The addition of biochemical screening with more sensitive calcitonin assays to anatomic imaging may have contributed to diminish the numbers of patients with metastatic MTC in the new millennium.
The interrelationship between size (greater tumors being more easily spotted than smaller tumors), detection threshold (calcitonin screening being more sensitive than high-resolution ultrasonography), and disease prevalence (being a function of size and detection threshold) may explain the surge in the number of patients diagnosed with sporadic MTC, peaking in 2006-2010. These findings, mirroring the increase in newly identified gene carriers at risk of hereditary MTC with the advent of DNA-based screening in the 1990s (31), may be attributable, at least in part, to the superiority of biochemical over anatomic screening in detecting sporadic MTC in the context of nodular thyroid disease.
The fast expansion of biochemical (calcitonin) screening for sporadic MTC conceivably can be likened to the rapid uptake of biochemical (prostate-specific antigen; PSA) screening for prostate cancer. PSA screening resulted in a spike in overall prostate cancer diagnoses during the early 1990s (32), which was followed by a decline in the incidence of metastatic disease (2) and reduction of the risk of death from prostate cancer by about one-fifth (33) . Such a decline of metastatic disease was also seen for sporadic MTC in the present series.
Limitations of the study
This investigation was limited by its retrospective study design and the time span covered. It was not designed to estimate time to recurrence or distant metastasis, which would necessitate standardization of the initial operation and follow-up investigations as to frequency and type of imaging.
Because the number of all patients with nodular thyroid disease screened biochemically is unknown, the effect of the 2004 German Society for Endocrinology Thyroid Group (11) and 2006 interdisciplinary European consensus (12) recommendations for calcitonin screening in nodular thyroid disease cannot be assessed directly, hampering estimation of the effects of screening.
Although total thyroidectomy with central and lateral lymph node dissection had been performed at the authors' institution in 92 and 83% of our 600 patients, biochemical cure was not attained in all patients with intrathyroidal, node-negative MTC. These patients revealed postoperative calcitonin levels fluctuating around, or barely exceeding, the upper normal limit of the calcitonin assay even after extended periods of follow-up. Thus it cannot be ruled out that occult thyroid tissue, harboring sufficient quantities of normal calcitonin-secreting parafollicular C-cells to mimic persistent disease (false-positive test result), may have been left behind in some patients. This is why surgical cure may have been accomplished more often in this study than suggested by the failure to reach normal postoperative calcitonin serum levels. Removal of all gross thyroid tissue is less easily effected on reoperation than at the initial operation, which may have contributed to the worse biochemical cure rates after reoperation (Table 5 as  compared with Table 4 ). On a cautionary note, findings obtained at a high-volume specialist center may not be generalizable to other clinical settings. After initial biochemical cure, postoperative basal calcitonin serum levels rarely climb again above the upper normal limit of the calcitonin assay, which a French national registry analysis reported for 15 (3.3%) of its 453 patients some 3.2 years after surgery (34) .
Unless one can follow a cohort over time, there is no way of accurately estimating the probability that a subclinical detected abnormality (i.e., node-negative occult sporadic MTC) will naturally progress to an adverse outcome (i.e., become node-positive) (29) . This is a recognized limitation of any screening program. Disease detected by testing tends to progress less rapidly than disease that would ultimately present clinically in the absence of testing. These cases may regress, remain stable, or progress too slowly to become clinically apparent during the patient's lifetime (29) .
Conclusion
Notwithstanding these considerations, the significant reduction in mediastinal lymph node metastasis and distant metastasis in conjunction with the corresponding rise in biochemical cure rates among patients with sporadic MTC >10 mm brought about increasing therapeutic tumor control over time. Because increasingly more sophisticated anatomic imaging technologies have found in the past, and will continue to find in the future, their way into clinical practice, the independent effects of routine biochemical screening for sporadic MTC remain hard to define -a challenge also encountered by many biochemical screening programs for other types of cancer. The higher rate of routine biochemical screening in patients with thyroidectomy at the authors' institution, as compared with patients with thyroidectomy elsewhere, arguably may have contributed to reducing primary tumor size at first surgery (means of 19.1 vs 25.0 mm; Tables 2  and 3 ) by intervening earlier on the tumor's growth trajectory. Biochemical cure rates were consistently better in the former than the latter patient subgroup (64 vs 20%; Tables 2 and 3) , and superior for node-negative MTC as compared with node-positive MTC within these subgroups (Tables 4 and 5) .
Because more extensive surgery at incremental morbidity did not manage to improve biochemical cure rates further, as illustrated in Tables 4 and 5 , early detection of small sporadic MTC, ideally as long as it is still nodenegative, takes center stage. Literature data argue against portraying node-positive MTC ≤10 mm, unlike papillary thyroid microcarcinoma, as an innocuous tumor entity in its own right not worthwhile operating on (35, 36) . Irrespective of time period, positive nodal status remained the key driver of persistent disease (Table 6 ). In keeping with this, the presence of 10 and more lymph node metastases is inconsistent with surgical cure (37, 38) .
Because primary tumor size correlates with lymphatic spread and distant metastasis (18) , it is reasonable to assume that earlier detection can enhance clinical outcome further, taking surgical cure rates in MTC to a higher level. The present biochemical cure rates of 90-100% for nodenegative MTC ≤10 mm (Table 4 ) support that notion.
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